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The compound PrFe2Al8 possesses a three-dimensional network structure resulting from the packing of Al
polyhedra centered at the transition metal element Fe and the rare earth Pr. Along the c-axis, Fe and Pr form
chains which are separated from each other by the Al-network. In this paper, the magnetism and crystalline
electric field effects in PrFe2Al8 are investigated through the analysis of magnetization and specific heat data.
A magnetic phase transition in the Pr lattice is identified at TPrN ≈ 4 K in dc magnetization and ac susceptibility
data. At 2 K, the magnetization isotherm presents a ferromagnetic saturation, however, failing to reach full spin-
only ferromagnetic moment of Pr3+. Metamagnetic step-like low-field features are present in the magnetization
curve at 2 K which is shown to shift upon field-cooling the material. Arrott plots centered around TPrN display
”S”-like features suggestive of an inhomogeneous magnetic state. The magnetic entropy, Sm, estimated from
specific heat outputs a value ofR ln(2) at TN2 suggesting a doublet state for Pr3+. The magnetic specific heat is
modeled by using a 9-level Schottky equation pertinent to the Pr3+ ion with J = 4. Given the crystalline electric
field situation of Pr3+, the inference of a doublet state from specific heat and consequent long-range magnetic
order is an unexpected result.
PACS numbers:
I. INTRODUCTION
Intermetallic alloys of the 1:2:8 composition, RT2X8, pos-
sess quasi cage structures consisting of polyhedra that cover
the rare earth and the transition metal. These structural
peculiarities of cage-like structures are interesting from the
perspective of thermoelectric properties[1] for realizing high
thermoelectric power. For example, a positive maximum of
20 µV/K was observed for CeFe2Al8 at 150 K. However,
limited work on such compounds and the lack of complete
understanding of the observed magnetic properties are com-
pelling reasons to investigate new compounds in RT2X8 or to
re-investigate some of the reported ones. The RT2X8 com-
pounds crystallize in orthorhombic space group Pbam (#55)
[2]. In this space group, there are four formula units in the
unit cell with one Wyckoff position (4g) for the R atom, two
(4g) for T and nine (2a, 2d, 4g and 4h) for the X atom [2, 3].
The R or T atom in this structure is surrounded by nine to
twelve X atoms. The R and the T atoms form a chain paral-
lel to the c-axis which are separated by the X atoms. It is im-
portant to mention here a major question regarding the struc-
tural chemistry of 1:2:8 compounds regarding why they do not
form 2:1:8 or 1:1:5 stoichiometries which are more stable, es-
pecially known for the Ce-variants[4]. It has been found from
previous studies that the reason lies in the ionic size of the R
and the X . In the case of 1:1:5 and 2:1:8-stoichiometries, the
R-ion is in the trivalent f1 (Ce) state whereas in 1:2:8 sys-
tems, the rare earth is in divalent or mixed-valent state [5]. In
Ce-based 1:2:8 systems, [1, 6, 7] a transition from magnetic
trivalent state of Ce to non-magnetic Kondo-like state of Ce is
observed depending on the type of T and X atoms.
Strongly correlated electron behaviour was one of the fo-
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cus themes to investigate the RT2X8 compounds and such
signatures have been experimentally observed in CeT2Al8 [T
= Fe, Co][7]. It was argued that the ground state of these
compounds was governed by RKKY interaction[9] but pos-
sessed contrasting outcomes – in one case a metallic Fermi
liquid state was evidenced whereas in the other, a heavy
FIG. 1: top: A projection of the crystal structure of PrFe2Al8 along
the c-axis showing the network of Al atoms (cyan) and the vacant
space where Pr (black) and Fe (brown) form chains parallel to the
c-axis. bottom: The view parallel to c-axis showing the chains of Pr.
The figure was created using the software VESTA.[8]
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2TABLE I: The atomic positions of PrFe2Al8 in Pbam space group.
The refined lattice parameters are a (A˚) = 12.5098(5), b (A˚) =
14.4410(1), and c (A˚) = 4.0401(7). The Uiso values were fixed to
the values of PrCo2Al8[11].
Atom site x y z Uiso
Pr 4g 0.3394 0.3173 0.0 0.0029
Fe(1) 4g 0.1511 0.0951 0.0 0.0018
Fe(2) 4g 0.0291 0.3969 0.0 0.0021
Al(1) 2d 0.0000 0.5000 0.5 0.0033
Al(2) 2a 0.0000 0.0000 0.0 0.0053
Al(3) 4h 0.0264 0.1376 0.5 0.0053
Al(4) 4h 0.1627 0.3703 0.5 0.0031
Al(5) 4h 0.2313 0.1663 0.5 0.0035
Al(6) 4h 0.3389 0.4818 0.5 0.0034
Al(7) 4h 0.4598 0.1834 0.5 0.0028
Al(8) 4g 0.3347 0.0371 0.0 0.0041
Al(9) 4g 0.0953 0.2545 0.0 0.0043
Fermi-liquid with proximity to long-range magnetic order[7].
Cerium based RT2X8 with X = Al, Ga have been reported
previously also [1, 10] on which Mo¨ßbauer spectroscopy[1]
and neutron diffraction studies[6] were performed in order to
understand the magnetic ground state. Interestingly, no signa-
ture of long-range magnetic order was obtained in the case of
CeFe2Al8 from neutron powder diffraction data though the
magnetic susceptibility displayed a broad transition around
5 K [6]. Though Ce-based RT2Al8 were investigated in de-
tail in the past, only a few reports on Pr-based systems exist.
For example, PrCo2Al8 displays a phase transition at 5 K and
metamagnetic-like steps in magnetic hysteresis[11]. From the
analysis of high temperature magnetic susceptibility and es-
timates of effective paramagnetic moment, any contribution
from Co magnetism was ruled out. The absence of mag-
netism of the T sub-lattice was a feature observed in the case
of CeFe2Al8 also [7]. In the case of CeCo2−xTxAl8 single
crystals where doping at the Co-site was performed with T =
Mn, Fe and Ni, only a slight enhancement of magnetic mo-
ment compared to the Ce3+-only moment was observed[12].
It is, hence, interesting to investigate other compounds in the
RT2Al8 class to probe the extent of magnetic ordering in the
rare earth and transition metal lattices.
In the present paper we investigate the magnetism of the
Pr-based RT2X8 compound PrFe2Al8. Fig. 1 (top) shows
the projection of the crystal structure on the ab-plane dis-
playing the network of Al and the chain-like formation of
Pr and Fe along the c-axis (bottom). These structural pe-
culiarities certainly have a bearing on the magnetism of this
class of compounds. The magnetism of Pr-based compounds
can be strongly influenced by the crystal field levels of Pr3+.
Depending on whether the crystal field levels are compara-
ble in energy scales with other interactions (especially mag-
netic), non-magnetic singlet or doublet crystal field ground
states can result. To cite an example, the point charge model
calculations for the Pr site in PrSi predicted the splitting of
J = 4 Pr3+ ground state in to 9 singlets thereby rendering
spontaneous magnetic order impossible. However, an anoma-
lous ferromagnetic ground state was experimentally unraveled
in PrSi[13]. Similarly, the point symmetry of the Pr-site in
PrFe2Al8 is m (Cs) which predicts 9 distinct singlets from
a 9-fold degenerate state and presupposes a non-magnetic
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FIG. 2: The experimentally observed x ray powder diffraction pat-
tern of PrFe2Al8 shown in black circles in (a). The red solid line
is the Rietveld fit assuming Pbam space group model. The vertical
bars are the allowed Bragg peaks and the gray dotted line is the dif-
ference curve. For a comparison, the x ray diffraction pattern of the
isostructural compound LaFe2Al8 is presented in (b) along with the
results of Rietveld refinement.
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FIG. 3: The magnetization curves of PrFe2Al8 in ZFC and FC
modes are shown in (a). Two transitions at Tanom ≈ 34 K and at
TPrN ≈ 4 K are observed. The magnetization curve of LaFe2Al8 is
also presented for a comparison. (b) Shows the magnetic hysteresis
at 2 K and at 15 K. Step-like features are observed in the low-field
region at 2 K shown magnified in the inset. The inset also present
field-cooled data exhibiting an exchange bias-like shift. (c) Displays
MZFC/H at different applied fields 800 Oe to 20 kOe. The transi-
tion at TN2 is suppressed at 10 kOe while that at Tanom appears very
robust.
3TABLE II: The interatomic distances in PrFe2Al8 compared with
those in LaFe2Al8. The structures of both the compounds were re-
fined in Pbam space group. The distances given in the table are in
the units of Angstrom (A˚). In all cases, a range of distances are indi-
cated which is due to the quasi-caged structure of these compounds.
The Pr-Pr distance along the c-axis is given in the table. Along a and
b, the Pr-Pr distances vary in the range of 6.5 to 7.5 A˚.
PrFe2Al8 LaFe2Al8
Pr-Pr: 4.04 La-La: 4.06
Fe(1)-Fe(1): 4.04 – 6.18 Fe(1)-Fe(1): 4.06 – 6.21
Fe(2)-Fe(2): 3.06 – 4.04 Fe(1)-Fe(1): 3.07 – 4.06
Fe(1)-Fe(2): 4.61 – 6.36 Fe(1)-Fe(1): 4.63 – 6.40
Fe-Al: 2.21 – 2.64 Fe-Al: 2.45 – 2.66
Pr-Al: 3.09 – 3.36 La-Al: 3.13 – 3.20
ground state. However, through magnetization measurements
we observe magnetic order in the Pr-lattice which is also sup-
ported by specific heat data and analysis. A crystal field quasi-
doublet for Pr3+ at low temperature could be deduced in this
compound.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of PrFe2Al8 were prepared using
arc melting method starting with high purity elements Pr
(4N ), Fe (3N ) and Al (5N ). The melting of stoichiomet-
ric amounts of materials were carried out in the water-cooled
Cu-hearth of a Edmund Buehler furnace in static Argon at-
mosphere. A Zr-getter trap was used for purifying the Ar
gas. The melted samples were annealed at 900 ◦C for 14
days. Powder x ray diffraction patterns were recorded using
a Philips X’pert diffractometer which employed Cu-Kα radi-
ation. Magnetic properties were measured in the temperature
range of 2 – 300 K using a Magnetic Property Measurement
System (Quantum Design Inc. San Diego), in which magne-
tization in the zero field cooled (ZFC) and field cooled (FC)
cycles, magnetic hysteresis and ac susceptibility were mea-
sured. Specific heat was measured in the temperature range 2
– 300 K using a commercial Physical Property Measurement
System (also Quantum Design).
III. RESULTS AND DISCUSSION
A. Crystal structure
The experimentally obtained powder x ray diffraction pat-
tern of PrFe2Al8, shown in Fig. 2 (a), was refined in the or-
thorhombic space group Pbam. The structural parameters of
PrCo2Al8[11] were used as the starting model for the Rietveld
refinement [14] using FullProf software[15]. The results of
the refinement procedure are presented in (a) as solid lines
along with the allowed Bragg peaks (vertical ticks) and the
difference pattern (dotted line). The refined atomic and lattice
parameters are collected in Table I. In Fig. 2 (b), the diffrac-
tion pattern of LaFe2Al8 is presented along with the results
of Rietveld fit. A comparison of the different bond distances
of both the compounds are collected in Table II. The typical
Pr–Al distances in PrFe2Al8 are found to be in the range of
3.09 A˚ to 3.36 A˚, which is comparable to the distances ob-
served for the Eu-pentagonal prism in EuRh2Ga8[5]. The Pr–
Pr distances are found to be in the range 4.04 A˚ to 7.55 A˚.
The Fe atoms have two crystallographic positions Fe(1) and
Fe(2). The Fe(1)–Fe(1) distances are in the range 4.04 A˚ to
6.18 A˚ and the Fe(2)–Fe(2) distances are 3.06 A˚ to 4.04 A˚.
The Fe–Al distances are 2.21 A˚ to 2.64 A˚. These distances
are comparable to those found in LaFe2Al8 except for the
larger La–La distances. In the case of CeFe2Al8, the Fe(1)–
Fe(1) and the Fe(2)–Fe(2) distances were reported to be 7.6
and 2.8 A˚ respectively[6]. Given that the Fe–Fe distances in
PrFe2Al8 and LaFe2Al8 are large and that they are separated
by the Al-network, it is unlikely that the Fe-lattice would have
direct magnetic exchange to lead to the development of long-
range magnetic order. A careful comparison and correlation
of the structural details like bond distances and Fe–Fe separa-
tion in Pr-based 1:2:8 compounds with the observed magnetic
properties is very much called for.
B. Magnetic properties
The magnetic response, M(T ), of PrFe2Al8 is plotted in
Fig. 3 (a) where the ZFC/FC curves of magnetization at ap-
plied field of 500 Oe are presented. Two anomalies can be
clearly distinguished in the magnetic response. As tempera-
ture is decreased from 300 K, the first anomaly is observed
as a shoulder-like feature at Tanom ≈ 34 K while the second
one manifests as a sharp peak at TPrN ≈ 4 K. Here we ten-
tatively argue that the latter anomaly pertains to the magnetic
0 1 0 0 2 0 0 3 0 0 0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
0 1 0 0 2 0 0 3 0 00
2 0 0 0 0
4 0 0 0 0
6 0 0 0 0
1 1 0 1 0 0 0
1 0
2 0
3 0
1 1 0 0 . 0 2
0 . 0 3
0 . 0 4
0 . 0 5
 
( c )
( a )
1/
 (e
mu
/m
ol)-
1
 
 
 L a F e 2 A l 8 C E F  P r 3 + P r F e 2 A l 8
T  ( K )
( b )
P r F e 2 A l 8 5 0 0  O e 1 0  k O e
1/
 (O
e g
/em
u)
T  ( K )
M (
em
u/m
ol)
 
 
M/H
 (e
mu
/m
ol)P r F e 2 G a 8
T  ( K )
P r F e 2 G a 8Z F C5 0 0  O e
  
 
 1 0  k O e 3 0  k O e 5 0  k O e 7 0  k O e
T  ( K )
FIG. 4: (a) The inverse magnetic susceptibility, 1/χ(T ), of PrFe2Al8
plotted for two different applied fields 500 Oe and 10 kOe. The
1/χ(T ) plots are non-linear and the two curves do not scale suggest-
ing magnetic correlations in the Fe lattice. In the inset, the 1/χ(T ) of
PrFe2Al8 is plotted along with that of LaFe2Al8. Also shown is the
theoretically estimated CEF contribution to total magnetic suscepti-
bility of PrFe2Al8. (b) The magnetization curve of isostructural and
isoelectronic compound PrFe2Ga8 shows only one magnetic transi-
tion at ≈ 15 K. The effect of applied magnetic field is to shift the
peak towards lower temperature however the peak is not diminished
in strength as can be seen from (c).
4phase transition occurring in the Pr sublattice. The anomaly at
Tanom could be due to short-range ordering in the Fe sublat-
tice or even due to an impurity phase which was not detectable
in the x ray diffraction data. A weak bifurcation between the
ZFC and the FC curves is observed immediately close to the
Tanom. Also shown in (a) is the plot of magnetization of the
isostructural and non-magnetic analogue LaFe2Al8, in which
Fe is in principle the only magnetic species, which displays
no magnetic transition in the temperature range 2–300 K. On
the other hand, PrCo2Al8 displayed a magnetic transition at
TN ≈ 5 K where Pr enters a magnetically long-range or-
dered state[11]. No signature of magnetism of the Co-lattice
was observed. Similar absence of magnetism of the transition
metal was reported in the case of CeFe2Al8 where intermedi-
ate valence of Ce ion leading to valence-fluctuation scenario
was proposed[6]. Through neutron powder diffraction and
magnetic studies clustering of the Fe ions in CeFe2Al8 was
suggested[6]. The structural similarity and comparable inter-
atomic distances of Fe–Fe of PrFe2Al8 to other 1:2:8 com-
pounds (LaFe2Al8, PrCo2Al8 etc) might lead to an assump-
tion that the Fe-lattice remains non-magnetic in PrFe2Al8.
Figure 3 (b) shows the results of field-scans of magne-
tization, M(H), performed at 2 K and at 15 K. At 2 K, a
ferromagnetic-like saturation of magnetization is obtained for
PrFe2Al8. The maximum moment attained is M50 kOemax ≈
3 µB which is diminished compared to the full ferromagnetic
moment of free ion Pr3+ (3.58 µB). This indicates that the Pr-
magnetic lattice does not attain complete ferromagnetic po-
larization at 2 K. The reduction in magnetic moment might
result from short-range magnetism or cluster formation hap-
pening in the Fe sub-lattice, due to minor impurity effects
in the polycrystalline sample or because of the Fe moments
anti-aligning once the Pr moments start to order magnetically.
In the low-field region of the magnetic hysteresis at 2 K, a
sharp step-like feature is observed in PrFe2Al8 (inset of Fig. 3
(b)). This is reminiscent of the metamagnetic steps observed
in PrCo2Al8 at a critical field of 0.9 T at 1.7 K[11]. The inset
also displays the magnetic hysteresis obtained in field-cooled
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FIG. 5: (a) The real part of the ac susceptibility, χ′(T ), in the tem-
perature range 2 – 60 K showing anomalies at Tanom and TPrN with
applied frequencies 10 Hz and 100 Hz. (b) The χ′(T ) at Tanom
is measured for wider range of frequencies, 0.1 – 1000 Hz, in or-
der to probe the magnetic ordering in detail. Neither transition dis-
plays frequency-dependent shift of the peak thereby ruling out any
dynamic short-range magnetic order.
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FIG. 6: (a) The Arrott plots of PrFe2Al8 derived from the magneti-
zation isotherms between 2 K and 15 K which covers the temperature
range around TN2. The Arrott plots for the range 20 K to 40 K across
Tanom is shown in (b). No signature of spontaneous ferromagnetism
is observed in either cases however, (b) matches with the case of a
disordered ferromagnet.
(at 5000 Oe) conditions at 2 K. A shift of the hysteresis loop
is present as seen in the inset of (b). Though a weak feature,
this hints at an inherent exchange bias-like effect in PrFe2Al8
[16]. Field-cooling the sample in 5000 Oe did not lead to an
enhancement of maximum moment value attained at 2 K. The
magnetization isotherm at 15 K does not present a magnetic
hysteresis loop or any other features typical of a ferromagnet
(see Fig. 3 (b)). In Fig. 3 (c), the zero field-cooled magne-
tization curves obtained on PrFe2Al8 with different applied
fields (800 Oe to 20 kOe) are plotted together as MZFC/H . It
can be seen that the magnetic transition at TPrN is suppressed,
however, the anomaly at Tanom is robust against 20 kOe. The
peaks of the transitions are seen to remain without any signif-
icant shift upon the application of magnetic field.
Fig. 4 (a) shows the inverse magnetic susceptibility,
1/χ(T ), of PrFe2Al8 plotted for two values of applied mag-
netic fields viz., 500 Oe and 10 kOe. A fit to the data assum-
ing ideal Curie-Weiss behaviour was not possible due to the
nonlinear behaviour of 1/χ(T ) especially at elevated temper-
atures. The non-linearity is attributed to crystalline electric
field (CEF) effects of Pr. From (a) it is clear that the 1/χ(T )
curves for different applied magnetic fields do not scale with
each other. This feature is a strong indicator to the presence
of short-range magnetic correlations in the Fe-lattice. Curie-
Weiss fit performed on the 1/χ(T ) data of LaFe2Al8 (pre-
sented in Fig. 4) resulted in a effective moment of ≈ 3 µB.
A very high Curie-Weiss temperature, θcw ≈ -285 K was ob-
tained for LaFe2Al8 which suggests prominent antiferromag-
netic correlations obviously stemming from the short-range
correlations of the Fe subsystem. On the other hand, the non-
Fe compound PrCo2Al8 is reported to display a linear 1/χ(T )
with a perfect Curie-Weiss behaviour and no magnetic contri-
bution from Co[11]. The only magnetic ordering in PrCo2Al8
was detected in the Pr lattice. In order to disentangle the mag-
netism of Pr and Fe in PrFe2Al8, a rough estimate of the
van Vleck contribution due to Pr3+ was theoretically calcu-
lated using the software McPhase[17] assuming the Pr3+ crys-
talline electric field environment in Pbam. The theoretically
estimated 1/χ(T ) is plotted as a dashed-dotted line in the inset
of Fig. 4. From this figure it is clear that in both PrFe2Al8 and
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FIG. 7: (a) The specific heat, Cp(T ), of PrFe2Al8 is presented in
circles. The phase transition at TN2 ≈ 4 K is evident. The solid line
is the Cp(T ) of the non-magnetic analogue, LaFe2Al8. The inset
shows the plot of C4f/T versus T 2 (circles) and the linear fit (solid
line) to obtain γ. (b) Shows the magnetic entropy, Sm(T ) which
attains Rln(2) at TN2. (c) Shows the plot of Cp/T 3 versus T to
expose the presence of phonon modes.
LaFe2Al8, short-range correlation of Fe is present till elevated
temperatures.
As a means to understand the multiple magnetic ordering
taking place in PrFe2Al8, the magnetic properties of isostruc-
tural, isoelectronic compound PrFe2Ga8 were also recorded.
Those are presented in Fig. 4 (b) and (c). PrFe2Ga8 presents
only one magnetic transition at ≈ 15 K. At very low tem-
peratures close to 2 K, a saturation-like effect is discernible
which hints at possible imminent magnetic ordering phenom-
ena. The effect of applied magnetic fields on the transition
temperatures is probed and the data is presented in (c). It is
observed that the peak at 15 K shifts to low temperatures upon
application of magnetic field. This suggests the antiferromag-
netic nature of the phase transition.
Fig. 5 (a) shows the real part of ac susceptibility, χ′(T ),
measured at 10 Hz and at 100 Hz. Both the anomalies Tanom
and TPrN are reproduced. However, the ac susceptibility data
do not present any frequency-dispersion for the peaks. In or-
der to confirm the nature of the peak at Tanom, χ′(T ) was
measured at more number of frequencies as shown in (b).
However, very feeble frequency dependence of the peak was
observed (from 32.99 K for 0.1 Hz to 33.50 K for 999 Hz)
which did not conform to response from spin glass-like clus-
ters. Hence, if at all short-range static or dynamic magnetism
arising from Fe-lattice is present in the sample of PrFe2Al8,
it remains masked by the long-range magnetism of Pr. Mi-
croscopic probes of magnetism like Mo¨ßbauer spectroscopy,
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FIG. 8: The magnetic part Cmag of PrFe2Al8 is shown in black
circles in a semi-log plot. The magnetic phase transition at TN2 is
clearly visible as a sharp peak. A Schottky-like peak is observed as
centred at ≈70 K which is modelled by assuming a 9-level energy
scheme [Eqn. (1)]. The estimated CEF energy levels, ∆i, are shown.
NMR or µSR are required to extract the Fe-magnetism in this
case. As a final step in the analysis of the nature of mag-
netism at TPrN , Arrott plots are presented in Fig. 6 which is
derived from the magnetization isotherms in the range 2 K to
15 K. Notably, the low temperature curves do not support a
pure ferromagnetic feature where the Arrott plots ought to be
straight lines[18]. Instead, an ”S”-like curvature is present in
(a) which could suggests first-order- like nature or inhomoge-
neous magnetism. In the case of (b), a close similarity with
the case of a disordered ferromagnet is apparent[18].
C. Specific heat
The experimentally measured heat capacity, Cp(T ), of
PrFe2Al8 is presented in Fig. 7 (a) plotted as circles. A
clear peak in Cp(T ) signifying the phase transition at TPrN ≈
4 K is observed. As a non-magnetic reference, the Cp(T ) of
LaFe2Al8 is presented in (a) as a solid line. The low temper-
ature part of the specific heat is plotted as Cdiff4f /T versus T
2
where, Cdiff4f = (Cp(Pr) - Cp(La)) in the inset of (a) along with
the linear fit (red solid line) which estimated the Sommerfeld
coefficient, γ4f ≈ 6 mJ/mol-K2. It is to be noted that the
value, γ4f that we have obtained is through a subtraction pro-
cedure and actually assumes comparable lattice specific heats
for the Pr and La compounds. The overall feature of theCp/T
versus T 2 in the present case is similar to that of EuRh2In8
where a transition at 5 K occurs first and further low in tem-
perature, a broad anomaly occurs at 1.6 K [5]. The magnetic
specific heat obtained by subtracting the Cp(T ) of LaFe2Al8
from that of PrFe2Al8 displays a very broad peak centered at
approximately 70 K (shown later in Fig. 8). The latter peak
might arise from the crystal field levels of Pr3+. The mag-
6TABLE III: The peculiarities of magnetic ordering in different
PrT2X8 compounds are collected. SRO = short-range order. LRO
= long-range order.
PrT2X8 Pr-ordering T -ordering
PrFe2Al8 4 K (LRO) SRO may be present
PrCo2Al8 5 K (LRO) not observed down to 2 K
PrFe2Ga8 15 K (LRO) SRO may be present
PrCo2Ga8 not observed down to 2 K not observed down to 2 K
netic entropy, Sm, estimated through numerical integration of
the magnetic specific heat is presented in Fig. 7 (b). Assum-
ing the presence of Pr3+ (J = 4), the theoretical value of Sm
= R ln(2J + 1) is ≈ 18 J/mol K. At about 180 K this entropy
is recovered while only about 40% of this value is attained
at close to the magnetic transition at TPrN . In Fig. 7 (b), Sm
attains a value of R ln(2) at TPrN thereby confirming a dou-
blet state for Pr3+. This observation together with the low and
normal-metal value of 6 mJ/mol K2 for the Sommerfeld co-
efficient show that the magnetic ordering at TPrN in PrFe2Al8
involves well-localized magnetic moments of Pr3+ ion. In the
panel (c), a plot of Cp/T 3 versus T is shown which brings
out the phononic contribution in this compound. Such a plot
would exhibit a sizeable peak at Tmax if significant contri-
bution from optical phonons is present. In the present case,
Tmax is quite broad and centred roughly around 30 K. For a
comparison, the plot of LaFe2Al8 is also present which ex-
hibited a similar feature while CeFe2Al8 and CeCo2Al8 did
not[7].
The magnetic part of the specific heat obtained by sub-
tracting the specific heat of LaFe2Al8 from that of PrFe2Al8
was used to analyze the crystalline electric field (CEF) levels
of Pr3+ ion. In the given symmetry of the space group Pbam,
the Pr ion is situated at the Wyckoff position of 4g which has
a point symmetry m. In this orthorhombic crystal field envi-
ronment, Pr3+ with J = 4 would possess 9 singlet levels. The
multilevel Schottky expression for a 3H4 system with nine
singlet levels is written as:
CCEFp = kB
[
9∑
i=1
(
∆i
kBT
)2
pi −
9∑
i=1
(
∆ipi
kBT
)2]
(1)
where pi = Z−1 exp(-∆i/kBT) is the Boltzmann population
factor, Z =
∑
i exp(-∆i/kBT) is the partition function, kB is
the Boltzmann constant and ∆i are the locations of the CEF
energy levels above zero. A starting point for the crystal field
energy-level values were obtained by modelling the case of
Pr3+ in PrFe2Al8 using a point-charge model employing the
software McPhase and the subroutine so1ion[17]. The energy-
level values obtained using this method were used in the above
expression in order to perform a least-squares fit of the mag-
netic specific heat data shown in Fig. 8. Since the values of ∆i
from inelastic neutron scattering experiments are not available
for PrFe2Al8 or closely related systems, tentative initial val-
ues were instead obtained from the reports on 1:1:3 systems
PrGaO3[19] and PrIrSi3[20]. A curve fit to the experimental
data following Eqn (1) is presented in Fig. 8 and the estimated
CEF energy levels, ∆i, are also shown. It must be noted that
an accurate estimation of the CEF levels, ∆i, is best possible
through inelastic neutron scattering methods and usually the
Schottky contribution to the specific heat is calculated using
the ∆i thus derived[20]. The amorphous ferromagnetic con-
tribution from the Fe sub-lattice would have very little con-
tribution towards the total magnetic entropy however the ex-
change field generated this way may polarize the low-lying
crystal field levels. The magnetic entropy plotted in Fig. 7 (c)
clearly shows full doublet close to TPrN whereas the CEF anal-
ysis shows the first two excited energy levels at approximately
10 K. An almost full occupation of 9 levels is attained at ≈
200 K in Fig. 7 (c) whereas the CEF analysis presents highest
level at above 300 K. These qualitative inconsistencies might
have their origin in the subtraction procedure performed to
obtain the magnetic specific heat, or inaccuracies in the esti-
mation of crystal field levels. The distinct feature in Sm(T )
at TPrN however is unequivocal and reproducible regardless of
whether Cp(T ) or C4f (T ) is inspected for the entropy change
at TPrN . Alternatively, the itinerant electron magnetism inher-
ent to the material also can contribute towards such a feature.
Keeping in mind that a faithful estimation of the CEF levels
are possible through inelastic neutron scattering methods, our
future endeavour would be to carry out an accurate estimation
of the CEF levels.
IV. DISCUSSION
The magnetic properties exhibited by PrT2X8 compounds
calls for deeper investigations involving microscopic struc-
tural probes like neutrons and µSR. The structural peculiar-
ities comprising of the quasi cage-like structure of Al poly-
hedra and the strand-like alignment of Pr and T along the
c-axis are of key significance. Among the various RT2X8
compounds investigated, the Ce-based compounds CeFe2Al8
and CeCo2Al8 displayed no signature of magnetic order-
ing down to 0.4 K [7]. These compounds were inves-
tigated for the strongly correlated electron behaviour. In
CeCo2Al8, a stable Ce magnetic moment was observed while
in CeFe2Al8, intermediate-valent states. Single crystal studies
on CeCo2−xMxAl8 [M = Mn, Fe, Ni] concluded that the 4f
moment was not perturbed by the size of the dopant atom[12].
However, signs of ferromagnetism emerged in the case of dop-
ing with Mn and Fe. A report on neutron diffraction investi-
gation on CeFe2Al8 did not reveal magnetic ordering down
to 1.5 K[6] however, the magnetization and Mo¨ßbauer data
suggested clusters of Fe below 6.5 K. On the other hand,
PrCo2Al8 was found to order magnetically below 5 K[11]
with a metamagnetic-like transition at a critical field of 0.9 T.
Interestingly, the magnetic susceptibility was reported to ad-
here to ideal Curie-Weiss behaviour with an effective mag-
netic moment of 3.48(5) µB/f.u. suggesting the presence of
stable Pr3+ moment. No contribution to magnetism from Co
moment was inferred. In Table III, the magnetic properties of
the Pr-based RT2X8 compounds are collected.
Rietveld analysis of the laboratory x ray data indicates
that the Pr-based 1:2:8 compounds PrFe2Al8, PrFe2Ga8 and
PrCo2Ga8 belong to the same orthorhombic Pbam space
7group with similar lattice parameters and comparable inter-
atomic distances for Pr–Pr, Fe–Fe distances (see Table II).
PrCo2Ga8 is found to display no signs of magnetic order-
ing (data not presented) while PrFe2Ga8 shows a magnetic
transition at 15 K. Given the structural similarities between
these compounds, it is interesting to observe multiple mag-
netic anomalies in PrFe2Al8. Both the anomalies do not dis-
play any frequency dispersion in ac susceptibility measure-
ments while the anomaly at 4 K is suppressed upon the ap-
plication of 10 kOe magnetic field. An added proof for the Pr
ordering at TPrN is obtained from the magnetic entropy derived
from total specific heat (Fig. 7) where Sm = Rln(2) is recov-
ered at TPrN . However, Arrott plots indicate the presence of in-
homogeneous magnetism at low temperatures[18, 21]. Com-
pared to the reported case of PrCo2Al8[6], the compounds of
the present paper PrFe2Al8, PrFe2Ga8 and PrCo2Ga8 are seen
to exhibit non-linear features in inverse magnetic susceptibil-
ity clearly suggesting the role played by the crystalline electric
field effects. Most importantly, the 1/χ(T ) data of PrFe2Al8
presented in Fig. 4 (a) supports the role of CEF levels of Pr3+
as well as the presence of magnetic fluctuations of Fe which
persist up to 300 K or above.
The specific heat and CEF analysis of Pr-based cubic sys-
tems are of fundamental interest to probe the resulting mag-
netic ground state. Several prototypical compounds have
been investigated in this regard. A number of Pr-based sys-
tems show magnetic order despite a nonmagnetic ground state
suggested by the CEF predictions. In fact, magnetic order
can be established via the admixture of higher lying CEF
levels into a ground state of higher degeneracy in the case
of exchange energy larger than the first CEF excitation[22].
Such CEF assisted ferromagnetic ordering is observed in the
case of PrNiGe2[23]. On the other hand, if the exchange
interactions between the rare earth ions dominate over the
CEF, the magnetic moment associated with the 4f electrons
can be completely quenched[24]. Induced magnetism in
the singlet ground state system PrIrSi3 has been observed
with a surprisingly large energy splitting of 92 K [25]. An-
other Pr-based compound, PrAu2Si2 and its doped variant
PrAu2(Si1−xGex)2 are systems where dynamic fluctuations
of the CEF levels were found to hold the key to destabiliz-
ing the induced moment magnetism and realizing spin glass
state[26, 27]. In PrPtBi, for example, Pr3+ occupies a cubic
local symmetry which splits the ninefold degenerate ground
state of 3H4 in to one singlet (Γ1), one doublet (Γ3) and two
triplets (Γ4, Γ5)[28]. An energy separation of 87.5 K between
the ground state and the first excited state was estimated.
V. CONCLUSIONS
In conclusion, we have studied the magnetic and thermo-
dynamic properties of the intermetallic compound PrFe2Al8
which crystallizes in Pbam symmetry with quasi cage-like
structure of Al atoms. The structural features of PrFe2Al8
resembles those of other isostructural compounds like
LaFe2Al8 and PrCo2Al8. Magnetic measurements reveal
two anomalies at Tanom ≈ 34 K and TPrN ≈ 4 K. The latter
anomaly is likely to originate from magnetic ordering in the
Pr lattice however, a conclusion about this requires further
experimental proofs. Signatures of short-range magnetic
fluctuations in the Fe lattice are also obtained however,
could be mediated by impurities. Metamagnetic-like steps
in the magnetization isotherm at 2 K is clearly evidenced.
The phase transitions at TPrN ≈ 4 K is also reflected in
the specific heat. Analysis of magnetic entropy identifies
a value of R ln(2) at 4 K suggesting the presence of a Pr
doublet crystal field level in spite of the symmetry of Pr site
predicting only 9 singlet levels. Neutron powder diffraction
and inelastic neutron scattering experiments are called for
to understand the magnetic properties and the CEF level
schemes of PrFe2Al8.
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